The goal of proteomics research is to be able to identify and quantify the vast numbers of proteins within an organism or tissue. "Top-down" methods address this goal without the need for proteolytic digestion prior to mass analysis. We report here an approach for top-down protein identification that has been implemented on a commercially available, unmodified Qq-TOF mass spectrometer. Intact protein molecular ions first undergo cone fragmentation in the electrospray inlet. Conventional MS/MS is then performed on a mass selected cone fragment using CID in the Qq interface of the Qq-TOF mass spectrometer to generate a sequence tag through a pseudo-MS 3 experiment. Seven proteins varying in molecular weight between 11 and 66 kDa were chosen to demonstrate applicability of method. After the molecular weight of the intact protein was determined, the cone voltage was varied to induce fragmentation. Cone fragment ions were then further dissociated using conventional CID, and the resulting MS/MS spectra were processed and analyzed for sequence tags. Sequence tags were easily identified from a MS/MS spectrum of a cone induced fragment ion both manually and through a de novo sequencing program included in the software associated with the mass spectrometer. Sequence tags were subjected to database searching using the PeptideSearch program of EMBL, and all protein sequence tags gave unambiguous search results. In all cases, sequence tags were found to originate from the n-and/or c-termini of the proteins. he field of proteomics is as dynamic as the proteome itself, constantly changing and evolving to meet the needs of researchers. The demands placed on the field increase with the yearly advancements, but the ultimate goal remains the same-global identification and quantitation of proteins in an organism or tissue. The most widely used methods for identifying whole proteomes are twodimensional gel electrophoresis (2D-GE) and the more recently developed, "shot gun" approach [1, 2]. The 2D-GE approach involves separating proteins first by their isoelectric point and subsequently by their molecular weight in a SDS gel. Individual protein spots are enzymatically digested within the gel to yield peptides that are easily extracted from the gel matrix. The peptide solution is then mass analyzed using either MALDI-MS or ESI-MS to yield a peptide mass fingerprint, sometimes after further chromatographic separation. Protein identifications are then determined from database searching on the resulting peptide mass fingerprints and/or using sequence tags obtained from MS/MS experiments on individual peptides [3, 4] . In the shot gun approach, hundreds of proteins are simultaneously identified after global digestion of a protein mixture. The resultant peptide solution is then separated through multidimensional chromatography (2D-LC); strong cation exchange coupled with reverse phase is most common. The time limitations in these and most methods for proteomic analysis are found in sample preparation and separation procedures. The mass spectrometry step that is used ultimately to generate the sequence tags or peptide mass fingerprints for identification takes relatively little time in comparison.
T he field of proteomics is as dynamic as the proteome itself, constantly changing and evolving to meet the needs of researchers. The demands placed on the field increase with the yearly advancements, but the ultimate goal remains the same-global identification and quantitation of proteins in an organism or tissue. The most widely used methods for identifying whole proteomes are twodimensional gel electrophoresis (2D-GE) and the more recently developed, "shot gun" approach [1, 2] . The 2D-GE approach involves separating proteins first by their isoelectric point and subsequently by their molecular weight in a SDS gel. Individual protein spots are enzymatically digested within the gel to yield peptides that are easily extracted from the gel matrix. The peptide solution is then mass analyzed using either MALDI-MS or ESI-MS to yield a peptide mass fingerprint, sometimes after further chromatographic separation. Protein identifications are then determined from database searching on the resulting peptide mass fingerprints and/or using sequence tags obtained from MS/MS experiments on individual peptides [3, 4] . In the shot gun approach, hundreds of proteins are simultaneously identified after global digestion of a protein mixture. The resultant peptide solution is then separated through multidimensional chromatography (2D-LC); strong cation exchange coupled with reverse phase is most common. The time limitations in these and most methods for proteomic analysis are found in sample preparation and separation procedures. The mass spectrometry step that is used ultimately to generate the sequence tags or peptide mass fingerprints for identification takes relatively little time in comparison.
Identifying proteins by introducing proteolytically cleaved fragments into a mass spectrometer has become known as 'bottom-up' proteomics, and remains the method of choice for many researchers in the proteomics field due to its proven record. Alternatively, introducing intact proteins into a mass spectrometer and fragmenting through the use of the instrument has been termed 'top-down' proteomics [5] . McLafferty and coworkers were the first to introduce the concept of top-down proteomics by utilizing the high resolving power of FT-ICR MS to explore the fragmentation of intact proteins [6, 7] . Various dissociation techniques have been used to facilitate fragmentation. An early example was the work of Kelleher and McLafferty using nozzle-skimmer fragmentation of a 42kDa protein, thiaminase I to elucidate enzymatic activity information as well as active site location [8] . More recently, electron capture dissociation (ECD) has proven suitable for sequencing entire proteins as well as determining structural characteristics and modifications [9 -11] . Tertiary structure information has also been determined through the use of a combination of chemical cross linkers and top-down strategies employing FT-ICR MS [12] .
While FT-ICR MS has demonstrated its superiority in the realm of top-down proteomics, practically speaking many researchers do not have the instrumentation to support such experiments. McLuckey and coworkers extended the practice of top-down proteomics to ion traps. They have shown that although ion traps do not typically have the resolving power needed to identify highly charged protein fragments, ion traps utilizing ion-ion chemistry, specifically proton transfer reactions, can reduce multiply charged fragments to singly charged species enabling easier spectral interpretation with less ambiguity [13] [14] [15] [16] . Early reports on the use of this technique focused generally on smaller molecular weight proteins but a recent report demonstrated the technique to be suitable for a somewhat larger protein at 25.9 kDa and also compared fragmentation behavior of the reduced and native form [17] . Clemmer et al. also addressed the problem of complicated spectra resulting from protein dissociation in an ion trap by coupling an ion trap to an ion mobility time-of-flight (TOF) mass spectrometer to separate the multiply charged fragments [18] .
Other instruments that have been shown to have the capability of dissociating protein ions include triple quadrupole [19 -22] , quadrupole/time-of-flight (Qq-TOF) [23] , and most recently matrix assisted laser desorption/ionization-time-of-flight/time-of-flight (MALDI-TOF/TOF) mass spectrometers [24, 25] . None of these instruments have equivalent resolving power to FT-ICR MS nor do they use significant ion-ion chemistry to simplify product ion spectra. The dissociation of protein molecular ions in Qq-TOF and MALDI-TOF/TOF instruments has been shown to lead to the identification of limited sequence tags although far less efficiently than by FT-ICR MS. Nemeth-Cawley et al. demonstrated the utility of the Qq-TOF for accurately measuring intact protein molecular masses [23] . Additionally, in some instances sequence information for a protein could be generated from CID studies of multiply charged protein molecular ions. In most cases, however, several precursor ions needed to be dissociated to give a sufficient number of resolved product ions to identify a sequence tag. In principle, the capabilities of some of these instruments can be extended through the use of cone fragmentation (also referred to as in-source CID, up-front CID, or nozzle-skimmer dissociation). Cone fragmentation can lead to pseudo-MS 3 capabilities for instruments not typically equipped for such experiments. Examples include the use of cone fragmentation for sequencing oligonucleotides with a triple quadrupole mass spectrometer and peptide sequencing in a MALDI-QqTOF [26, 27] . The application of cone fragmentation for larger biopolymers was initially explored by Loo et al. demonstrating the favored dissociation of higher charge states over lower charge states as cone voltage is increased [28] . Loo and coworkers continued exploring the use of cone fragmentation in a triple quadrupole and later demonstrating feasibility in a Qq-TOF reporting its use for determining primary sequence information of proteins via a pseudo MS 3 experiment [21, 22, 29] . Recently, Thevis, Loo, R., and Loo, J. [30] demonstrated the utility of a Qq-TOF for top-down characterization of transferrins which had previously been explored through the use of nozzleskimmer dissociation [31] . In this most recent report, sequence information from conventional MS/MS of intact transferrins was compared to sequence information generated through cone fragmentation in the Qq-TOF, and both approaches were found to provide comparable results.
We report here the use of cone fragmentation in a commercially available Qq-TOF for pseudo-MS 3 experiments on standard proteins ranging in molecular weight between 11 and 66 kDa. We show that this dual cone fragmentation and conventional CID approach provides large sequence tags (greater than 10 amino acids in most cases) near the termini of proteins which enable unique protein identification when subjected to database searching. Results reported herein also agree quite well with those of Suckau and Resemann who used in-source decay in a MALDI-TOF/TOF mass spectrometer for protein identification ("T 3 -sequencing") [25] . Pseudo-MS 3 represents a potentially new approach for high throughput protein characterization that combines several attributes of both bottom-up and top-down methods. As with top-down methods, intact molecular mass measurements are obtained prior to inducing fragmentation. As with bottom-up methods, CID of the cone fragment ions leads to the identification of sequence tags for database searching, but without the need for proteolytic digestion.
Experimental

Instrumentation
Data were collected on a Micromass Q-TOF Ultima API-US (Manchester, UK) equipped with a z-spray configuration for electrospray ionization. Samples were loaded into 4 m glass emitters (New Objective, Woburn, MA). In most cases, the cone voltage was increased from 45 to 65 V or until significant fragmentation occurred. The capillary voltage was between 1.5-2.1 kV. Scan time was 2.4 s with an interscan time of 0.1 s. Total acquisition time depended on quality of MS/MS spectra, but on average total time of acquisition was not more than 5 min or less than 200 scans. The resolving power in these experiments was ϳ10,000. For CID experiments argon gas was used, and the collision energy varied from 25-45 eV. MS/MS spectra were analyzed using Micromass's MassLynx (version 3.5) software's de novo sequencing function (MassSeq) and through manual de novo sequencing. Protein molecular weights were calculated from the deconvolution function of the MassLynx software (MaxEnt1).
Materials
All proteins and reagents were purchased from Sigma (St. Louis, MO). A table of the seven proteins examined as well as their molecular weights is included. (Table 1 ) Solvents were of HPLC grade and purchased from Fisher (Pittsburgh, PA). Proteins were dissolved in a 50:50:2 mixture of MeOH:H 2 O:HOAc at a concentration of 50 pmol/L with actin being an exception at 15 pmol/l due to protein quantity limits. Proteins containing more than one disulfide bond were also reduced (DTT) and alkylated (IAA) by standard procedures [32] if it was determined cone fragmentation would not occur.
Results and Discussion
Methods
The seven proteins chosen for this study are given in Table 1 . Proteins were first electrosprayed into the mass spectrometer at a low cone voltage (40 -45 V) to determine molecular mass and subsequently electrosprayed at sequentially higher cone voltages up to 75-100 V. The cone voltage was stepped to higher voltages to induce fragmentation of the multiply charged molecular ions within the protein envelope. Once established that the protein would fragment at a high cone voltage, conventional CID experiments were carried out on selected cone fragment ions. Cone fragment ions were identified by first examining the charge state envelope of a protein at a low cone voltage and subsequently at a higher cone voltage. Ions that appeared as the cone voltage was increased were termed cone fragment ions.
The MS/MS spectra produced by CID were processed using MassLynx software and identified sequence tags were subjected to database searching using the PeptideSearch program (http://www.narrador. embl-heidelberg.de/GroupPages/PageLink/peptide searchpage.html). MassSeq, a de novo sequencing program within the MassLynx software, was used to sequence CID spectra. MassSeq requires that all peaks within the spectrum are first deconvoluted from multiply charged to singly charged ions (using MaxEnt3 within the MassLynx software) before the sequencing is executed. A list of potential sequences is returned and the quality of hits returned was examined manually by the user. In most instances, MassSeq data was combined with results from manual de novo sequencing by the user. The PeptideSearch program was used to search sequence tags against a nonredundant database. The amino acid sequence search function was used which allows a user to enter a protein's molecular weight range, partial sequence, and organism. The Peptide Search program allowed the following substitutions: leucine ϭ isoleucine and glutamine ϭ lysine. The latter could not be resolved in the present work because of the lack of internal lock-spray calibration on the Qq-TOF.
Cytochrome C Figure 1 shows the charge state envelope of cytochrome c taken at two cone voltages (45 and 60 V). While peaks from the multiply charged molecular ions are still visible in the higher cone voltage spectrum, an increase in the number of peaks between known charge states is noticeable. When the spectrum is expanded it can be seen that most of these new peaks are isotopically resolved ions. MS/MS studies carried out on the 17ϩ charge state molecular ion led to the identification of a four amino acid sequence tag (MEYL) while MS/MS studies on some cone fragment ions lead to longer sequence tags of nine or more amino acids (MEYLEN PKKYIP and MIFAGIKKK). Figure 2a , shows the unprocessed MS/MS spectrum generated as a result of dissociating a 6ϩ cone fragment ion at 777 m/z. Through a manual interpretation of the spectrum the y40 -y28 series consisting of 6ϩ to 3ϩ ions is easily deduced leading to a sequence tag of (MEYLENPKKYIP). Upon further processing with the Micromass MassLynx software the sequence tag was extended (MEYLENPKKY IPGTKMIFAGIKKKTE), see Table 1 . Figure 2b is an example of the output of the MassSeq tool (a denovo sequencing program) in the MassLynx software and shows a y-ion series. The spectrum is dominated by y-ions although in the lower m/z range some b-ions are also visible.
Thioredoxin
The charge state envelope of thioredoxin (11.7 kDa) taken at a low and high cone voltage exhibits similar properties to that of cytochrome c (spectrum not shown). At the higher cone voltage (65 V) the baseline increases at the lower m/z values, and the cone induced fragments are clearly present. Performing conventional "top-down" MS/MS on both the 13ϩ and 12ϩ charge state molecular ions with the QqTOF does not generate an identifiable sequence tag, even though MALDI TOF/ TOF gives a three amino acid tag from dissociation of the [M ϩ H]ϩ ion [24] . However, pseudo-MS 3 with the QqTOF does generate a rather long sequence tag from the n-terminus of the protein, see Table 1 . Figure 3a shows the unprocessed MS/MS spectrum of the cone fragment ion at 933 m/z with a 3ϩ charge. Processing with the MassSeq tool of MassLynx shows a y-ion series as well as a significant portion of the corresponding b-ion series (Figure 3b) . The MassSeq tool led to a sequence tag of 25 amino acids (DKIIHLTDDSFDTDV LKADGAILVD). The mass of the cone induced fragment corresponds most likely to the sequence tag identified by MassLynx extended one amino acid towards the n-terminus with a water loss from the serine in amino acid position 2 [33] . As discussed below, cone fragments resulting from an 18 u difference were not unique to this protein. Additionally, sequencing results were comparable to pseudo-MS 3 experiments using a triple-quadrupole by Smith and coworkers, who also reported identifying ions from the first 40 residues at the n-terminus [19] . are reduced and alkylated, the protein fragments readily as seen in Figure 4 . Though not easily apparent in this figure, the cone fragments of interest (884 m/z, 3ϩ; 911 m/z, 2ϩ) are isotopically resolved. Subjecting these ions to CID gives sequence tags from two regions of the protein, a 21 amino acid tag near the n-terminus and a 12 amino acid tag at the c-terminus, see Table 1 . The n-terminus cone fragment was found to have an 18 u loss which is most likely explained by cyclization at the n-terminal glutamic acid (pyroglutamic acid) [34] .
␣-Lactalbumin
Trypsin Inhibitor
Trypsin inhibitor (20.1 kDa) also was resistant to fragmentation in its unreduced form. After reduction and alkylation the protein fragmented readily with a cone voltage of 60 V. In this case, the cone fragment chosen for CID is unresolved at 1392.81 m/z. Examples of cone fragments up to this point included resolved ions only, ranging from a charge state of 2ϩ to 6ϩ, the maximum resolved charge state for these studies. Figure 5 shows the unprocessed MS/MS spectrum that resulted from the CID experiment on the unresolved cone fragment at 1392.81 m/z. Most of the peaks seen in this unprocessed spectrum from 1200 -2000 m/z are also unresolved. The sequence tag found by the MassSeq tool is localized to the lower m/z range of the spectrum. The b-series leading to this tag is labeled in Figure 5 . The tag (VLDNEGNPLENG) originates from the n-terminus of the protein, see Table 1 . This result shows that it is not essential to choose a resolved cone fragment ion to generate a sequence tag. The pseudo-MS 3 approach described here requires isotopic resolution only among the (low mass) second-generation product ions used to generate the sequence tag. Therefore, the mass resolving power requirement of pseudo-MS 3 is less stringent than that of conventional top-down analysis where the product masses are much higher.
Carbonic Anhydrase, Actin, Bovine Serum Albumin
Three higher molecular weight proteins were also chosen for this study to determine what, if any, molecular mass limit there would be. Although higher in molecular weight, each protein fragmented to give sufficient sequence information for identification. Carbonic anhydrase (29 kDa) was shown to fragment well under top-down conditions by previous researchers using ECD and ion-ion interactions within an ion-trap [5] . Cone fragmentation studies using carbonic anhydrase led to an eight amino acid tag from the c-terminus unique for identification (spectrum not shown). The recently reported T 3 -sequencing approach also identified ions from the c-terminus of carbonic anhydrase [25] . Actin (44 kDa) also fragmented successfully using pseudo-MS 3 to give a 26 amino acid tag at the cterminus (spectrum not shown). The cone fragment for actin was found to be 18 u greater in molecular weight than the predicted sequence. This fragment was the only one in this work to show a gain of 18 u instead of a loss.
After increasing the cone voltage (90 V), two sequence tags for BSA were found of 15 and 7 amino acid length from MS/MS experiments on two cone fragment ions. BSA, being a larger protein, did not fragment as readily at cone voltages used for the smaller proteins (60 -65 V). Figure 6 shows the charge state envelope for BSA at three cone voltages 45, 60, and 90 V. The MS/MS spectrum for the cone fragment at 875.46 m/z having a 4ϩ charge state shows a dominant b-ion series when processed, and the sequence was found at the n-terminus ( Figure 7) . Additionally, another cone fragment (834.71 m/z, 4ϩ) was also found to originate from the n-terminus of the protein, and both were found to have an 18 u difference in molecular weight from that predicted. This is most likely explained by the presence of the aspartic acid residue at the n-terminus of the protein; aspartic acid commonly gives a loss of 18 u [33] . Also, a likely explanation for one cone fragment (VLIAFSQ) is cyclization at the c-terminus of the fragment which is found to have glutamine [34] . Again, these results were found to be comparable to that reported by Suckau and coworker work using T 3 -sequencing where they also reported a sequence tag from the n-terminus (residues 20 -33 versus residues 16 -30 for our work) [25] . Previous work by Stevenson et al. reported the existence of a 2ϩ, 3ϩ, and 4ϩ ion series originating from the n-terminus of ovine albumin when subjected to in-source CID [29] . Nemeth-Cawley et al. were able to find a six amino acid sequence tag for BSA by dissociating four charge states of BSA and combining data from MS/MS spectra [23] .
Database Search Results
All identified sequence tags were subjected to database searching using the PeptideSearch program (http:// www.narrador.embl-heidelberg.de/GroupPages/ PageLink/peptidesearchpage.html), and the results are included in Table 1 . In the case of cytochrome c, the identified four amino acid sequence tag from dissociating the 17ϩ charge state molecular ion was searched using PeptideSearch and found to give over 500 hits for various proteins. In contrast, searching with the 26 amino acid tag produced by pseudo-MS 3 returned only 9 hits, all matching to cytochrome c. While the 26 amino acid tag is clearly superior to the 4 amino acid tag, the results in Table 1 show no clear correlation between length of sequence tag and quality of PeptideSearch results, at least for the range of tag lengths studied. The search results for carbonic anhydrase were just as conclusive with an 8 amino acid tag as other proteins with tags greater than 20 amino acids.
Conclusions
Pseudo-MS 3 is capable of generating sequence tags from the n-and c-termini of proteins ranging in molecular weight from 11 to 66 kDa. Individual tags are typically greater than 10 amino acids in length, which is generally sufficient for protein identification. In instances where the identification may be ambiguous, the intact molecular protein mass can aid in assignment.
Combining the measurement of an intact protein molecular mass with an extended sequence tag from pseudo-MS 3 represents an approach to protein identification that may prove to be rapid, convenient, and accessible to many commercially available platforms. In principle, cone fragmentation provides a fast, simple, instrument-based alternative to conventional enzymatic or chemical digestion. The technique may be particularly well suited for probing modifications at or near termini, and much like the newly reported T 3 sequencing technology by Suckau and Resemann, can also be used as a quick QC check for recombinant proteins [25] . Lastly, the pseudo-MS 3 approach should be easily interfaced with many of the protein separations methods currently utilized in proteomics labs such as 2D-LC, affinity capture of intact proteins, and capillary isoelectric focusing-liquid chromatography (CIEF-HPLC).
